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Abstract

A series of poly[4-(4-cyanoazobenzene-4'-oxy)alkyl methacrylate]s, side-chain liquid
crystalline polymers (azoLCP) were synthesized with methylene groups as spacers varying from
5 to 12. The thermal properties and phase transition temperatures of the polymers were
characterized with differential scanning calorimetry and polarized optical microscopy and a
relationship between spacer lengths, glass transition (7g) and clearing temperatures (T) of the
polymers was established. The T; decreased with increasing spacer length, while the T, exibited
an odd-even effect with varying spacer length. X-ray diffraction was used to determine the
degree crystallinity above and below T.. The azolLCPs exhibited smectic > nematic &

isotropic phases. Increasing crystallinity correlated linearly with decreasing gas permeability as
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measured using an oxygen permeation analyzer, which was used to measure the
films’ permeability to oxygen (O,) gas. Switching of the azoLCPs from a liquid crystalline to an
isotropic state was accomplished by heating the films above their T., which resulted in at least a
10-fold increase in the O, permeability coefficient (Pp,). Increasing the methylene spacer length
of the azoLCP had little or no effect on gas permeability however it did decrease the T, allowing
fine control of the temperature at which the switch in Py, takes place by tuning the mesophase

between nematic and isotropic states.
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Introduction

Liquid crystalline polymers (LCPs) are considered to be promising smart polymers which
exhibit mesomorphism meaning that they can change their phases and properties in response to
temperature, pH, infrared or ultraviolet (UV) light."? Because of their unique properties, LCPs
have been used for several applications including artificial muscle actuators, highly selective
membranes and optoelectronic devices.***° Side-chain liquid crystalline polymers (SCLCP) are
unique polymer structures in which the polymer backbone is connected to a stimuli-responsive

moiety by methylene spacer group.

The spacer length between the main chain and mesogen also plays an important role in
liquid crystalline properties of the polymer, where nematic order has been observed in SCLCP
with short spacers and smectic order was observed with long spacers.! SCLCPs show a decrease
in glass transition temperature (7,) and clearing temperature’ (7.) as the number of methylene
spacer groups increases.”® This effect is associated with plasticization of backbone by the side
chain.” Decrease in T, . and T¢ also stems from increased distance between mesogens and the

backbone that results in lower steric hindrance.’

Changes in X-ray diffraction intensities have been used to distinguish between
mesomorphic behaviors of liquid crystalline polymers. Intensities and location of diffraction
peaks are used to measure inter-layer packing and lamellar spacing orders in SCLCPs."
Incorporation of azobenzene mesogens into polymers leads to liquid crystalline behavior. Several
studies have revealed that photoisomerization of azobenzene molecules can change orientation of
molecules from crystalline domains to randomly ordered isotropic domains which can in turn

change the permeability behavior of the polymer."!
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Recently, Liu et al. demonstrated the controlled gas permeability through SCLCP with an
azobenzene mesogen when the orientation of the mesogen is switched using non-polarized and
circularly polarized light.* This research found that the crystalline phase of the SCLCP is least
susceptible to permeating molecules as compared to permeability in isotropic phase. These
findings are an important step towards attaining reversible photo-induced switchability; but they
lack in providing further discussion on changing permeability behavior with changing SCLCP
structure i.e. the effect of length of the spacer group. A remaining ambiguity in that work is the
separation of the cooperative effects of annealing and photo-switching using circularly polarized
light; which failed to clearly explain the differences in mesophase behavior. In summary, Liu’s
research failed to shed light on the role of mesophase structure and the resultant change in

permeability response in their SCLCP.

Kajiyama et al. reported on a series of liquid crystalline membrane systems and their
ability to tune permeability when incorporated in polyvinyl chloride and polycarbonate host
materials.'” These polymer systems showed enhanced analyte permeability and selectivity in
hydrocarbon separation through while switching between crystalline-nematic-isotropic phase
transitions. Recently, Marshal et al. reported that liquid crystalline moieties embedded in
polymers have been used in switchable membranes for nitrogen.!' The liquid crystalline material
used as an active element in the membranes required energy equivalent to 2 mW/cm?® for 5
seconds to switch from nematic to isotropic phase. They also studied the effect of azobenzene
dopant concentration on reversible permeability characteristics of liquid crystalline (LC)
materials. Even though they showed reversible permeability behavior they were unable to

resolve the conflict between liquid crystalline mesophases and photoswitchable permeability.
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Permeability was not only a function of reversible phase switching of LC materials but also the

pore sizes of the membrane in which the LC material was embedded.

It was originally hypothesized here that the permeability of SCLCPs can be tuned by
changing the length of the spacer group due to the changing distance between the polymer
backbone and azobenzene moiety. Therefore, the motivation for using SCLCP is the ability to
tune the orientational and positional ordering of the crystalline domains by varying the spacer
length. The design of the SCLCP consists of a poly(methacrylate) backbone with an azobenzene
moiety given the acronym azoLCP-C,, where n represents the number of methylene groups in

the spacer connecting the azobenzene mesogen as depicted in Fig. 1.

It was found however, as will be described in this article, that increasing the methylene

spacer length had little or no effect on O, gas permeability (P, ), instead it did decrease the T,
allowing fine control of the temperature at which the switch in Py, takes place by tuning the

mesophase between nematic and an isotropic state.

The motivation for using poly(methacrylate) is the ease of synthesis via free radical
polymerization, noted flexibility and strength of poly(methacrylate) films and the ability to tune
the minimum film formation temperature by controlling the polymer 7, thus being able to

achieve free-standing polymer films and coatings at ambient-use temperatures.

Herein, the synthesis and structure-property relationships of selectively permeable
azobenzene-containing to SCLCP films that could be used to control the timing of exposure of
gas vapors to its environment are described. Free-standing SCLCP films that can be used control
the timing of gas permeability have been developed. The permeability of the films was increased

in a controlled manner by exposure to an external stimulus (heat). It is proposed that these films
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could be used in selectively permeable coatings which respond to external stimuli to control gas
permeability. For example, these thermally responsive azoLCP films can be applied to textiles to
achieve “smart” textile functionality whereby the gas vapor permeability increases at higher
temperatures (to promote cooling) and decreases at lower temperatures (to trap warm air) thereby

protecting the wearer from dramatic temperature changes in the environment.

PVt
H,C o /o—©_N /
(CH2)

o
n=5,8,9,10,12
Fig. 1 Chemical structure of azobenzene containing side-chain liquid crystalline polymer
(azoLCP-C,): Poly(n-[4-(4’-cyanophenylazo)phenoxy]alkyl, methacrylate with varying methylene

spacer groups, n.

Results and Discussion

The relationship between switchable gas permeability properties and LC mesophase
structures of a series of azoLCPs was studied by characterizing the chemical structure using
nuclear magnetic resonance (NMR), Fourier transform infra-red (FTIR) spectroscopy and gel
permeation chromatography (GPC); the thermal properties by thermo-gravimetric analysis
(TGA), and differential scanning calorimetry (DSC); and mesomorphic phase behavior by

polarizing optical microscopy (POM) which was confirmed by X-ray diffraction (WAXD).
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Finally, we analyzed oxygen permeability through azoLCP films using permeability analysis

with oxygen (O;) gas.

Synthesis of a Homologous Series of azoLLCPs and Characterization of their Microstructure

Poly(n-[4-(4’-cyanophenylazo)phenoxy]Jalkyl, methacrylate) (azoLCP-C,) where the
spacer chain length, n was varied such that n = 5 or 8, 9, 10 or 12, was synthesized using the
general proceedure described previously' and shown schematically in Fig. 2. The structures of
the intermediates, monomers and polymers were characterized with '"H NMR, FTIR and UV-Vis
spectroscopy. The NMR spectra for each monomer step and each of the respective poly[n (4'-
cyanophenylazo)phenoxy] methacrylate azopolymers (azoLCP-Cs, Cg Cy, Cjp and Cj,) are
shown in the Electronic Supporting Information (ESIT).

The aromatic protons of monomer 4 were found at 7.98 ppm, 7.77 and 47.00 ppm which
were similar to the precursor bromo compound 3. The vinyl hydrogens of the methacrylate group
appeared at 86.07 and 5.52 ppm. The NMR signals disappeared completely after polymerization,
confirming that the monomer underwent polymerization, producing azoLCPs. The azoLCPs are

readily soluble in common organic solvents such as THF, chloroform and acetone.
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1) HCI
2) NaNO,, 0°C ’N_Q_OH Br—(CH,),—Br "N_Q_O_(CHz)”
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Fig. 2 Synthesis of Poly(n-[4-(4’-cyanophenylazo)phenoxy]alkyl methacrylate) where the

methylene spacer chain length, n was varied such thatn=5,8,9, 10 or 12.

Molecular Weight Analysis using GPC

For the series of poly[4-(4'-cyanophenylazo)phenoxy]alkyl methacrylate polymers
(azoLCP-C,) the weight average molecular weight (M) and number average molecular weight
(M,) and was in the range 4,640 to 6,290 g/mol and 3,280 to 5,360 g/mol respectively, as shown
for each polymer in Table 1. The polydispersity index (PDI) ranged from ~1.14 to ~1.55. These
M, corresponded to average degrees of polymerization (DP) ranging from 9-14, which are
statistically not significantly different.

These relatively low molecular weights are typical for azobenzene containing polymers
synthesized by free-radical polymerization.14 It is speculated that there is an inhibition of the
azobenzene moieties to free-radical polymerization, resulting in low-efficiency of monomer
conversion and low polymer molecular weights.'® It has been reported that when AIBN (10 wt%)
was used as an initiator, the polymerization of 40-((2-(acryloyloxy)ethyl)ethylamino)-4-

nitroazobenzene required 96 hrs to achieve 4,000 g/mol molecular weight polyme:r.16’17

Page 8 of 29



Page 9 of 29 Polymer Chemistry

Table 1 Molecular weights, polydispersity index (PDI) and number average degrees of

polymerization (DP) for the azoLCP-C, series

AzoLCP (spacer) | Yield (%) M, (g/mol) M, (g/mol) PDI DpP
azoLCP-(CH3)5 76 5,640 3,740 1.50 10
azoLCP-(CH,)8 54 6,290 5,360 1.17 14
azoLCP-(CH,)9 70 5,570 4,850 1.14 13
azoLCP-(CH;)10 60 5,440 4,000 1.36 11
azoLCP-(CH;)12 45 4,640 3,280 1.55 9

Thermal Phase Behavior using TGA and DSC

TGA was first used to measure thermal stability of the polymers as shown in Fig. 3. From
the TGA data, it can be seen that the polymer is thermally stable up to 300 °C. As seen in the
plots in Fig. 3, the polymer had three mass loss events centered around 350 °C, 450 °C and 575
°C corresponding to degradation of different parts of the polymer structure. It is hypothesized
that there is potential unzipping due to reactive chain ends'® in the polymer around 350-375 °C,
breaking up of CH, spacer groups occurring around 450 °C, and finally the benzene rings
decomposing at higher temperature event, with little or no char remaining. The degradation
temperature at the onset of 5 wt% mass 10ss, (5% onset 1oss) for the series of azoLCPs is shown in
Table 2. It was observed that 7(s¢ onset 10ss) decreased slightly with increasing spacer length, as

larger methylene spacer groups start to decompose at lower enthalpic values.
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Fig. 3 Thermal gravimetric analysis of poly[4-(4'-cyanophenylazo)phenoxy]alkyl methacrylate

polymers (azoLCP-Cs, Cg Cg C1p and Cy,) measured at a heating rate of 15°C/min.

DSC was used to determine the phase transition temperatures of the series of azoLCPs
synthesized with varying spacer lengths. From the initial DSC heating cycle, all azoLCPs show a
first-order endothermic peak associated with a smectic to nematic (7sy) transition (ESI Fig. S8-
1271). The second heating cycle is shown in Fig. 4, where another endothermic peak attributed to
the nematic to isotropic (7n;) or clearing transition (7¢) and a second-order transition indicative
of the glass transition (7,) temperature were observed. The area under the endotherms in the

initial and second heating DSC scans used to determine the corresponding entropies ASsn/R and

10
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the ASni/R for the smectic and nematic phases respectively are shown in Table 2, where R is the

universal gas constant (8.314462 J mol™ K™).

azoLCP-C5
e 0.5 Wi/g azoLCP-C,
o azoLCP-C9
azoLCP-C 0
azoLCP-C 12
C
=3
2
L)
TH
)
©
[]
I
o
§e)
c
[0)
1

-50 0 50 100 150

Temperature (°C)

Fig. 4 DSC thermographs of poly[4-(4'-cyanophenylazo)phenoxylalkyl methacrylate polymers
(azoLCP-Cs, Cs, Cq C10 and Cyy) indicating T and T, during the second heating cycle. The plots are

offset for clarity of presentation. The arrow indicates increasing methylene spacer length.
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Table 2 Thermal and mesomorphic properties for poly[4-(4'-cyanophenylazo)phenoxy]alkyl methacrylate polymers (azoLCP-Cs, Cg,

Co, C10 and Cy;) extracted from the second heating cycle in the DSC thermographs unless noted otherwise

AzoLCP (spacer) | T (5% onsey T, Tsni Tni AHgyn ASsn ASsn /R ¥ AHxy ASN1 ASNi /R
CO* (O (O (O (kJmol") kJK' mol") (kJmol") (kJ K' mol™)
azoLCP-(CH,)5 344 27 44 121 0.10 031 0.04 0.26 2.15 0.26
azoLCP-(CH,)8 312 17 - 81 - - - 1.03 12.75 1.53
azoLCP-(CH,)9 331 16 48 92 0.20 0.62 0.07 1.69 18.46 2.22
azoLCP-(CH,)10 290 10 42-51 66 0.80 2.48 0.30 0.51 7.64 0.92
azoLCP-(CH,)12 300 8 14 62 1.33 4.63 0.56 2.08 33.58 4.04

* Temperatures obtained from TGA at the onset of 5% weight loss.

1 Temperatures obtained from the initial heat cycle in the DSC thermographs.
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As shown in Table 2, is a decreasing trend is evident in the 7, and 7n; temperatures with
increasing methylene spacer length. In fact, the azoLCP-C, followed the thermal behavior of a
similar homologous series of poly[(4-cyanoazobenzene-4'-oxy)alkyl methacrylate]s also studied
by Imrie et al. (1998)," where a decrease in T, . and Tnp temperatures with increasing methylene
spacer length was observed as shown in Table 2 and Fig. 5. This decreasing trend in T is not
unique to cyanoazobenzene mesogens, as a similar trend was observed for SCLCPs with
polymethacrylates based on p-methoxyazobenzene.'” For a homologous series of SCLCPs
composed of the same polymer and similar molecular weight, the decrease in 7, with increasing
spacer length is explained by a plasticization effect of flexible spacer groups on the polymer

backbone'*?" or the increasing decoupling of the side chains from the backbone polymer.”?'

In addition, there is an odd-even effect in clearing temperature, 7. or nematic to isotropic
temperature, 7y; in the series of azoLCP-C,, as shown in Fig. 5, similar to that reported by Imrie
et al. (1998)" for SCLCPs bearing azobenzene mesogens with a cyano tail group. It is observed
that the spacer groups with odd-numbers of C atoms give higher 7 than those with even-
numbers. It is speculated that for an odd-numbered spacer group the orientation of the mesogen
group lies orthogonal to the polymer backbone compared to the even-numbered spacer group,
where the mesogen is thought to align at an angle with regard to the polymer backbone. Such
orientation of the mesogens in the latter case results in less anisotropic interactions between the

. . . 13
mesogens and therefore reduced clearing or isotropic temperatures.

The dependence of the entropy associated with the smectic-nematic (ASsy /R) and
nematic-isotropic (clearing) (ASx; /R) transitions as a function of varying spacer length, n for the

azoLCPs is shown in Table 2 and Fig. 6. Both entropies increased with increasing methylene
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spacer length, with ASy; /R exhibiting an odd-even effect similar to that reported by Imrie ef al.
(1998)" and (1995)’ for SCLCPs bearing azobenzene and cyanobiphenyl mesogens with a cyano
tail group, respectively. Indeed, the odd-even effect shown by both the clearing transition, the 7¢
and the clearing entropy, ASy; /R with increasing methylene spacer length is indicative of the

. . . 13
increased degree of conformation accessible to the spacer.

The larger value of ASsy /R shown by each of the respective azoLCPs correlates with the
McMillan theory.”> McMillan forecasts that the intensity of the smectic 4-nematic mesophase
transition is larger when the nematic temperature range gets smaller as indicated by the
transitional entropy.” In addition, the enthalpy of the resultant transitions show an increasing
trend with increasing methylene spacer length as observed previously for SCLCPs with
azobenzene mesogens with a methoxy tail group.24 This trend is ascribed to the decoupling of the
mesogens from the polymer backbone as the spacer length increases due to its increasing

flexibility.?’

14
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Fig. 5 Clearing, T. and glass transition, T; temperatures as a function of varying spacer length, n

for the series of poly[4-(4'-cyanophenylazo)phenoxy]alky methacrylate polymers synthesized
(azoLCP-Cs, azoLCP-Cg, azoLCP-Cs, azoLCP1g and azoLCP-Cy,).
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Fig. 6 Dependence of the entropy associated with the smectic-nematic (ASsy /R) and nematic-
isotropic (clearing) (ASy; /R) transitions as a function of varying spacer length, n for the series of
poly[4-(4'-cyanophenylazo)phenoxy]alky methacrylate polymers synthesized (azoLCP-Cs,
azoLCP-Cg, azoLCP-Cy, azoLCP1g and azoLCP-Cy;).
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Mesomorphic Phase Behavior by Polarizing Optical Microscopy

The azoLCPs were dissolved in THF and drop-cast onto micro-slides and air-dried to
form films of non-uniform thicknesses. These films were then annealed by heating to
temperatures above the 7, but ~10 °C below the T, of each specific azoLCP-C,. Under POM, all
polymers in the azoLCP-C, series showed birefringence. Distinct focal conic fan textures were
observed for all azoLCPs at room temperature (22 °C). These textures were assigned to the
smectic 4 mesophase.”’

Heating above the temperature connected with the lower temperature endotherm in the
initial heating DSC scan for each azoLCP produces schlieren textures indicative of a nematic
phase.?® This phase persists until the higher temperature endotherm in the second heating DSC
scan linked to the clearing transition or isotropic state, is reached and exceeded. Representative
images obtained from POM for azoLCP-Cy is shown in Fig. 7. The nematic and smectic 4
mesophases observed in the POM occurs at temperatures that correlated well with the 7x; and
Tsn, obtained from the DSC scans for the respective azoLCPs. And, as discussed in the next

section, the identities of these phases have been corroborated with X-ray diffraction experiments.

16
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Smectic A Nematic

Fig. 7 Polarizing optical micrographs of smectic A focal conic fan texture (22 °C) and nematic

schlieren texture (60 °C) exhibited by azoLCP-Cy. Magnification x100.

Mesogen Orientation in SCLCP by Wide Angle X-ray Diffraction Analysis

WAXD analysis was employed to study the azoLCPs’ lattice structure. The diffraction
patterns are shown in Fig. 8a and confirm a high degree of crystallinity in each film, annealed
for 30 min above its respective T,. Closer examination of the X-ray diffraction patterns reveals
the structural effects of spacer length, /y,q..- on these SCLCPs. The distance between the crystal
planes is calculated as d-spacing indicated by Bragg’s law”’ according to Equation 1, where 7 is
the order of scattered reflection, A is the wavelength of incident X-rays (for Cu-ka, A= 1.54 A),

and @ is the scattering angle.
nA =2dsin@ [1]

The Scherrer’s relationship28 shown in Equation 2 is used to calculate the crystallite size,

7 of the scattering domain. K is the shape factor which is assumed as 0.9 for most polymers.”’

17
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is known as the full-width-at-half-maximum of the crystalline peak. The value of S is expressed

in radians for purposes of these calculations.

e KA
_,Bcosé’

[2]

As shown in Fig. 8a the first-order peaks form between ~1.5° and ~3°, corresponding to a
lamellar spacing ~57 to 30 A according to Bragg’s Law. Based on comparison with other
research on LCP polymers, this lamellar feature is attributed to the interchain layer size, rather
than the distance between mesogens. The n-stacking interaction that dominates mesogen spacing
is expected to be on the order of 2-4 um, which was not observed, but would appear around 20-
40 degrees on the X-ray pattern. Calculated interchain-spacing, d; and crystalline domain size, 7
for each azoLCP are tabulated in Table 3. The peaks do not grow appreciably above baseline,
but they shift to slightly higher angles after an extended anneal, indicating tightening of the

crystal structure.

In Fig. 8b the WAXD spectra of the azoLCP films are shown, after heating each polymer
above its respective 7. followed by quench-cooling the films in liquid N, to preserve the
isotropic or “melt” phase. Once the films were heated above their respective isotropic
temperatures (“melted”’) and rapidly quenched-cooled using liquid nitrogen, crystallinity was lost
and the polymer film was preserved in an isotropic state. Quenching helps to freeze the LC
mesogens in an isotropic phase even after the azoLCPs samples are equilibrated to room
temperature (22 °C), though in theory, the azoLCPs with 7, below room temperature could begin
to crystallize if given enough time. Indeed, the “melt-quench™ sequence appears to remove the

lamellar peaks, indicating that the isotropic phase is recovered.

18
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Intensity (a.u)

(b) Melt-Liquid N, Quenched Films
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Fig. 8 WAXD data for poly[4-(4'-cyanophenylazo)phenoxylalky methacrylate polymers
(azoLCP-Cs, azolLCP-Cg, azolLCP-Cy, azoLCP-C;y and azolLCP-Cy;) showing (a) the annealed
polymer film which gives the liquid crystalline peaks corresponding to the smectic phase,
and (b) after heating the polymer films above their respective clearing temperatures
followed by rapid quench-cooling the films in liquid N, to preserve the isotropic or “melt”
phase. The arrow indicates decreasing methylene spacer length.
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Table 3 Crystal Lattice Spacing and Crystalline Domain Size of azoLCPs as a Function of
Methylene Spacer Length

Page 20 of 29

AzoLCP (spacer) Peak angles (°) d at 6 (nm) d, at 6, (nm)  Crystalline grain size 7

(nm)
azoLCP-Cs 2.90 30.42 - 79.68
azoLCP-Cy 2.35 37.42 - 79.67
azoLCP-Cy 2.10 42.07 - 79.67
azoLCP-C, 1.88 46.95 - 79.68
azoLCP-Cy, *#1.55,1.70 *%56.92 51.90 79.66

The crystal domain size, 7 (or persistence of lamellar order) does not vary with mesogen
spacer length. This is not unexpected because the crystal persistence is related to the nucleation
density upon crystallization, which depends on the crystallization protocol. All samples were
annealed at the same temperature above their 7, thus similar crystallite sizes are expected. The
backbone arrangement suggests a smectic phase, whereas the mesogen spacing would occur at
much higher angle as mentioned previously.'"’ The wide-angle peak associated with mesogen

spacing is not observed in our azoLCPs likely due to limited instrument sensitivity.

Upon close observation, a split peak can be seen in the scattering pattern of the azoLCP-C,
at 1.55° and 1.70°. This is indicative of two populations of backbone crystal that correspond to
local energetic minima at two possible levels of interdigitation, also sometimes known as two-
layer packing of LC backbones.” On the basis of this observation a schematic of the two possible

levels of interdigitation of the mesogens is shown in Fig. 9. As reported previously,'® smectic

20
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periods for small molecules correspond to mesogen length, /yesgen but the constraint of the
polymer backbone and the presence of the cyano-end groups present an environment where
significant deviance from this spacing is possible. Given that the azobenzene mesogen is likely
~1.23 nm long, it is clear that the mesogens are not completely interdigitated. As previously
reported for azobenzene containing SCLPs albeit with a nitro-substituent as a tail-group,”'° the

spacer length grows with smectic layer spacing as shown in Fig. 9.

lmesagen ISPECET lspacer
| 1 I n=>5 1.22 nm
[ S~~~ D i—'w\f\é
[ VR ] bw n==_ 1.47 nm
N I I |

S ® ) _

i SO ! : n=9 1.65 nm
W | -5
| ] | n=10 1.72 nm

— VV\’\¢ | ¢
I D .
P I Q 1 n=12 198 nm
I W\r\o I —N W\(5

: i

JI)W : | lmmgm = 1.23 nm
- ’\/\4\/\9 | e =0 -
. ¥ L A W
< > i€ | =/
! d~5.19 nm ! d ~5.69 nm

Fig. 9 Schematic illustrating two different populations of polymer backbones that correspond to
local energetic minima at two different levels of interdigitation as observed in the WAXD of

azoLCP-Cy; polymer. Note schematic is not drawn to scale and is for illustrative purposes only.

Based on the crystal morphology analysis, it is anticipated that permeability should be
relatively independent of spacer length, because no significant differences in equilibrium
crystallinity or crystal perfection are detected. Furthermore, the grain size appears similar for all
polymers leaving similar “porous” amorphous regions around the crystalline regions for gas to

permeate. However, as the thermal analysis suggests, the spacer length selection allows tuning of

21
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the switching temperature. In the “open” state, however, the permeability could depend on the

flexibility of the particular polymer at the measurement temperature.

Oxygen Permeation Analysis

The oxygen permeation analyzer (OPA) instrument does not have heating capability, and
so in order to make permeability measurements on films above their 7, or Tn;, where the azoLL.CP
will be in an isotropic phase, the films were first heated above T, held for 30 min for thermal
equilibrium to be reached followed by rapid quenching in liquid N, (melt-liquid N, quenched) in
order to “freeze-in” the isotropic phase. The assumption is made that the measurement time is
less than the time taken for the film to return to room temperature where it will be in a crystalline

mesomorphic phase (nematic).

The amount of permeant detected by the instrument is proportional to the amount of
molecules that permeate through the polymer films and is quantified as oxygen permeance or
oxygen transmission rate (OTR). Reduced permeability for the polymer films after annealing is
observed in every azoLCP homologue of the series as shown in Table 4. In fact, the OTR of the
“melt-liquid N, quenched” films is 10-times larger than that of the annealed films. These results
demonstrate that annealing the films results in a decrease in Py, of this film, while heating above
its 7. increase its permeability. The phenomenon that liquid crystalline order is induced by
annealing while liquid crystalline order vanished by heating above 7 and subsequent cooling

with liquid N, was also confirmed by WAXD and POM, as discussed in the previous sections.
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Switching of gas permeability is accomplished by heating which corresponds to
switching from a highly crystalline smectic phase to an amorphous isotropic phase, in other-
words a “closed” to “open” lattice spacing. This order of magnitude difference in the

permeability of films from “closed” to “open” mesophases is illustrated schematically in Fig. 10.

Table 4 Oxygen permeance (OTR) and permeability (P, ) coefficients for the azoLCPs in “closed”
and “open” states that correspond to annealed and “melt-liquid N, quenched” conditions,

respectively

AzoLCP Polymer Film O, Permeance (OTR) O, Permeability (Po,) Coefficient
(spacer) Conditions (cm?*/(m2.day.atm) 1 x 107) (cm®.cm/(m?.5.Pa)
azoLCP-C; Annealed at 85 °C 1,056 0.013
Melt-quenched 76,579 0.493
azoLCP-Cy Annealed at 65 °C 964 0.012
Melt-quenched 32,400 0.406
azoLCP-C, Annealed at 65 °C 2,153 0.027
Melt-quenched 24,717 0.310
azoLCP-C, Annealed at 65 °C 1,992 0.024
Melt-quenched 33,559 0.402
azoLCP-C,, Annealed at 65 °C 1,483 0.019
Melt-quenched 22,055 0.277
PEMA ) 0.863CD
HDPE 25°C - 0.302¢?
LDPE - 2.160%?
PMMA - 0.116%Y
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Fig. 10 Depiction of phase-switching upon heating in liquid crystalline polymer films. Films are
annealed to “close” and then heated to above the isotropic temperature to “melt” followed by

guench cooling using liquid N, to “open” the lattice spacing.

It is important to note that the permeability results are slightly higher than expected for
azoLCP-Cj. A plausible explanation for this is as follows: as annealed films start to orient
themselves in the liquid crystalline order, they exist in nematic or smectic phases at a given
temperature. But for some of these polymers, smectic or nematic liquid crystalline states may co-
exist due to the difference in their kinetics of crystallization at any given enthalpic condition,
which results in different permeability readings in the annealed state. Since these experiments are
performed in a closed cell which is kept at the room temperature, controlling the crystallization
kinetics is not trivial. Indeed, the first heating cycle of the DSC data (ESI Fig. S8-121) provided
evidence of this co-existence of liquid crystalline phases and is a plausible explanation why

asymmetry in the permeability is observed in the “closed” state or annealed state.
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These Py, results for the azoLCPs in the “closed” state or smectic-nematic liquid
crystaline phase at temperatures below the 7. is more similar to that found for side-chain liquid-
crystalline polyacrylates containing 4-cyanophenyl 4-hexyloxybenzoate-based mesogenic side
groups* at 1.11 x 10" cm’.cm/ (cm®.s.Pa) at 25 °C (nematic liquid crystalline phase), than they
are for Py, measurements made by Lui et al*  Indeed for poly(5-[4’-
cyanophenylazo)phenoxy]propylmethacrylate) with (5) methylene spacer groups the current
work found the OTR to be 1,056 cm’/(m®.day.atm) for annealed films compared to 1.56 x 107
cm’/(m?.day.atm) found by Lui et al.* Non-discrimination of the reaction with O, or water is
assumed to be the reason for the relatively low OTR measurements in the latter case. Also seen
in Table 4, the Py, results for the azoLCPs in the “open” state are only slightly higher than that
of high-density polyethylene,”> HDPE and lower than those of low-density polyethylene,’

LDPE, poly(ethyl methacrylate) PEMA,*' and PMMA,* respectively at 25 °C.

Conclusions

We successfully synthesized a series of azobenzene containing side chain liquid
crystalline polymers (azoLCPs) with different flexible spacer group lengths (Cs, Cg, Co, Cy9, C12)
and characterized the relationship between their switchable O, gas permeability properties and
LC mesophase structures. Switching of O, gas permeability is accomplished by heating which
corresponds to highly crystalline nematic phase to a less crystalline isotropic phase, in other-
words a “closed” to “open” lattice spacing. Increasing the methylene spacer length had little or
no effect on O, gas permeability properties however it did decrease the 7, allowing fine control

of the temperature at which the switch in O, gas permeability properties takes place by tuning the
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mesophase between nematic and isotropic states. Such an ability to tune O, gas permeability
properties of the azoLCP-C,, film by an order of magnitude can have potential applications in
“smart” textiles. It is envisioned that thermally responsive azoLCP films can be applied to
textiles to achieve “smart” textile functionality, whereby the gas vapor permeability increases at
higher temperatures (to promote cooling) and decreases at lower temperatures (to trap warm air)

thereby protecting the wearer from dramatic temperature changes in the environment.
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Tuning oxygen permeability in azobenzene-containing side-chain liquid crystalline polymers was

achieved by control of their mesomorphoric phases.



